Introduction
Amino acids and their derivatives play a central role in the design of life. The relevance of the 20 proteinogenic l-amino acids as building blocks in peptides and proteins is self-evident, but the class of quaternary α-amino acids also called α,α-disubstituted amino acids has attracted the interest of organic chemists due to their biological importance. They play a crucial role in the development of peptides and peptidomimetics as therapeutics agents (Avenoza et al. 2001 (Avenoza et al. , 2003 Cativiela and Díaz-de-Villegas 1998 , 2007 Hruby et al. 1997; Olma et al. 2012; Sawyer 1997) . Thus, quaternary α-amino acid residues such as α-aminoisobutyric et al. 1987) and α-ethynyl glycine is a suicide substrate for alanine racemase (Kuroda et al. 1980a, b; Meffre and Le Goffic 1996; Walsh 1979) . Some unsaturated amino acids are constituents of antibiotic (Yonezawa et al. 2000) or markers, such as 2-amino-4-hexynoic acid (Sasaki et al. 1988) .
Finally, unsaturated amino acids can be functionalized by various chemical processes such as Diels-Alder reactions (Kotha 2003; Kotha and Ghosh 2004) , [2 + 2] cycloadditions (Avenoza et al. 2005) , and catalytic transformations including hydroformylation (Ojima et al. 1995) , metathesis (Biagini et al. 1998; Gardiner et al. 2004; Hassan and Brown 2010; Kaul et al. 2005; Nolen et al. 2003; Rutjes and Schoemaker, 1997) , Heck (Collier et al. 2002; Crisp and Gebauer 1996; Gurjar and Talukdar 2002) or Suzuki-Miyaura cross-coupling reactions (Krebs et al. 2004) .
Quaternary α-vinyl amino acids (Fig. 1a) have been reviewed as part of reports concerning quaternary α-amino acids (Berkowitz et al. 2001 (Berkowitz et al. , 2004 Di´az-deVillegas 1998, 2007) . This review will provide an overview of different syntheses of quaternary α-ethynyl amino acids (Fig. 1b) covering the literature from 1977 to 2015. Most of the compounds are actually free or (N,O)-protected α-ethynyl derivatives of naturally occurring α-amino acids: phenylglycine, phenylalanine, α-ethynyl-3,4-dihydroxyphenylalanine (α-ethynyl-DOPA), alanine, glutamic acid, and ornithine. Hata et al. (2011) described the synthesis of 7 which uses the nucleophilic addition of Grignard reagents to iminium salts generated from amino ketene silyl acetals (Fig. 2) . Ethyl 2-(dibenzylamino)-2-phenylacetate 2 was prepared in two steps by α-bromination with ethyl 2-phenylacetate 1, N-bromosuccimide (NBS) and benzoyl peroxide followed by the substitution by dibenzylamine. Treatment of 2 with KHMDS followed by silylation led to amino ketene silyl acetal 3 in 48 % yield. The amino ester 7 was prepared in a one pot reaction starting from 3 in 82 % yield. Oxidation of 3 by N,N-dibromodimethylhydantoin (DBDMH) led to intermediate iminium salt 5 (not isolated), which was then immediately reacted with ethynylmagnesium bromide 6 and Lewis acid BF 3 .OEt 2 to give the amino ester 7.
Synthesis of α-ethynyl phenylglycine derivatives
A mechanism was proposed by the authors. The oxidation of amino ketene silyl acetal 3 gave α-bromoester 4, and the BF 3 Lewis acid-induced elimination of the bromide ion led to the formation of the iminium salt 5 (Fig. 3) .
Synthesis of α-ethynylphenylalanine derivatives
To the best of our knowledge, three methods for the synthesis of racemic α-ethynylphenylalanine backbone (as free or protected form) have been described in the literature. Casara and Metcalf claimed the synthesis of the fully protected α-ethynylphenylalanine 11 as well as the free amino acid starting from acetylenic glycinate derivative 10 (Casara and Metcalf 1978) . Compound 10 is readily prepared by the amidoalkylation of bis-(trimethylsilyl)-acetylene 8 with the 2-chloro-N-carboethoxy glycinate 9, using Friedel-Crafts conditions (Newman 1973; Walton and Waugh 1972) . The regioselective alkylation begins by deprotonation of 10 with an excess of lithium diisopropylamide in hexamethylphosphoramide (LDA/HMPA) at −70 °C, followed by the addition of benzyl bromide in THF to give 11 in 75 % yield after chromatography and recrystallization. Finally, α-ethynylphenylalanine 12 is synthesized by alkaline hydrolysis followed by ion exchange chromatography (Fig. 4) . No experimental details or detailed analysis were described.
Mechanistic considerations suggest the use of 12 as potential enzyme-activated irreversible inhibitors of the corresponding α-amino acid decarboxylase.
More recent papers report the synthesis of racemic N,Oprotected α-ethynylphenylalanine and show the interest and the difficulties to synthesize a β,γ-unsaturated α-alkyl amino acid (Fernández González et al. 2010; Finkbeiner et al. 2014) . Gonzalez et al. described the direct ethynylation of 2-nitro-3-phenyl propanoate 13 using the hypervalent iodine reagent ethynyl-1,2-benziodoxol-3(1H)-one (EBX) generated in situ from bench-stable trimethylsilyl-ethynyl-1,2-benziodoxol-3(1H)-one (TMS-EBX, 14) in the presence of tetrabutylammonium fluoride (TBAF) under mild conditions to give 15 (Fernández González et al. 2010) . Reduction of the nitro group in 15 to hydroxylamine 16 was conducted using Zn dust/NH 4 Cl. The selective reduction of hydroxylamine 16 into the corresponding amine was possible using SmI 2 in THF/tBuOH. However, the purification of the free amine was difficult, but quenching the reaction with trifluoroacetic anhydride (TFAA) allowed (Casara and Metcalf, 1978) the isolation of the corresponding trifluoroamide 17 in 67 % yield (Fig. 5) .
The mechanism envisaged by the authors for this reaction is a conjugate addition of enolate anion to the alkyne derivative, followed by an elimination and 1,2-hydride shift. The use of 13 C-labeled reagent 19 with keto ester 18 led to the intermediate 20 which generates alkylidenecarbene 21 by elimination of aryliodine. Finally, migratory aptitude of the β-hydrogen of alkylidenecarbene 21 led to 22. The acetylene transfer proceeds through a 1,2-hydride shift mechanism similar to the one proposed for alkynyliodonium salts (Ochiai et al. 1990) (Fig. 6 ).
For reasons of synthetic accessibility, the labeled TIPS-EBX reagent 19 was used. Generally, TIPS-EBX was as efficient as TMS-EBX 14 as the reagent precursor, although the silyl group removal was slightly slower.
Finkbeiner and co-workers (2014) developed a direct electrophilic alkynylation of azlactones. Azlactones are versatile C α -tetrasubstituted α-amino acids precursors which are easily accessible from α-amino acids via cyclodehydration and α-functionalization. They can be converted back into the open chained efficient form through baseinduced ring opening. (Ochiai et al. 1990) The N-benzoylated amino acid 23 reacted with acetic anhydride to give azlactone 24 by cyclodehydration in 90 % yield (Macovei et al. 2012) . The direct ethynylation of 24 with TMS-ethynyl (phenyl)-iodonium tosylate 25 gives the tetrasubstituted azlactone 26 in 94 % yield. The ring opening and deprotection of azlactone 26 by KF in methanol give the racemic (N,O)-protected α-ethynylphenylalanine 27 in 98 % yield (Fig. 7) .
Full deprotection of 26 under acidic conditions failed due to an undesired decarboxylative hydration of the triple bond.
Benfodda and co-workers (Benfodda et al. 2015 ) described the synthesis of racemic protected α-ethynylphenylalanine 36, the separation of two enantiomers by chiral HPLC and the determination of their absolute configuration (Fig. 8) .
Oxazolidine 29 was prepared in three steps starting from commercially DL-2-benzylserine 28 in good overall yield. Compound 29 was reduced with LiBH 4 into alcohol 30, which was oxidized under Swern conditions to afford the desired protected aldehyde 31 in good yield. Compound 31 was converted into alkyne 32 by Bestmann-Ohira reagent. Compound 32 was hydrolyzed by HCl 6N to afford the amino alcohol hydrochloride 33. Amino protection was conducted with Boc 2 O in the presence of TEA to give 34. The alcohol 34 was oxidized under Dess-Martin and Pinnick conditions to afford 35 in 32 % yield. The quaternary amino acid 35 was esterified by TMSCHN 2 to give 36.
Enantiomers of 36 were successfully separated under analytical conditions and under semipreparative conditions. The absolute configuration of the separated enantiomers of 36 was determined by vibrational circular dichroism.
Synthesis of α-ethynyl-3,4-dihydroxyphenylalan ine (α-ethynyl-DOPA)
Two methods have been described for the synthesis of this compound. Taub and Patchett (1977) described the synthesis of hydrochloride of α-ethynyl-DOPA 42 starting from 37. Alkylation of 37 with 38 led to 39 in quantitative yield. The acylation of 39 with lithium diisopropylamide (LDA) and methyl chloroformate followed by Schiff base cleavage gave the trimethylsilyl amino ester 40 in 20-25 % yield starting from 37. Desilylation of 40 was performed by treatment with sodium methoxide in methanol to give the ethynyl amino ester 41 in 70 % yield. Finally, deprotection of 41 was accomplished using 6N HCl to give hydrochloride of α-ethynyl-3,4-dihydroxyphenylalanine 42 in 90 % yield (Fig. 9) . Metcalf and Jund (1977) described the synthesis of α-ethynyl-3,4-dimethoxyphenylalanine 46 from 37 in 50 % overall yield. The alkylation of 37 with 3,4-dimethoxybenzyl bromide 43 led to 44. The use of LDA instead of BuLi avoids the extensive dialkylation. The acylation of 44 with methyl chloroformate gave 45. Compound 45 was converted into α-ethynyl-3,4-dimethoxyphenylalanine 46 using PhNHNH 2 followed by KOH (Fig. 10 ).
In the same paper, the authors synthesized α-ethynyl-DOPA 48 in the same way as described above (Fig. 11) . The alkylation of 37 was realized with 3,4-isopropylidene benzyl bromide 38. Acid hydrolysis of 47 gave 48 in 24 % overall from 38. 
Synthesis of α-ethynylalanine derivatives

Synthesis of a racemic derivative of α-ethynylalanine
In 2011, Maity and Lepore described the synthesis of nonracemic azaproline derivatives by cyclization of β-alkynyl hydrazines 54 or 55 (Maity and Lepore, 2011) . Over the last decade, azaprolines have taken on an increasingly important role in bioorganic ) and medicinal chemistry (Lange et al. 2006 ).
The addition of propargyl ester 49 to azidodicarboxylates 50 and 51 catalyzed by DBU (1,8-diazabicyclo[5.4.0] undec-7-ene) gave the desired beta-alkynyl hydrazines 52 and 53 in good yield (87 and 67 % respectively). The silyl deprotection was performed using tetra-n-butylammonium fluoride (TBAF) in isopropanol. After silica gel column chromatography, the products 54 and 55 were obtained in very good yield (Fig. 12) .
Enantioselective synthesis of both enantiomers of protected α-ethynylalanine
To the best of our knowledge, four methods for the asymmetric synthesis of α-ethynylalanine (as free or protected form) have been described in the literature.
The first method described in the literature is an asymmetric synthesis of the amino acid by the bis-lactim ether method. With this method, Schöllkopf et al. reported the first synthesis of (R)-α-ethynylalanine methyl ester (Schöllkopf et al. 1988 ). The bis-lactim ether 56 reacts with BuLi or LDA in tetrahydrofuran at −70 °C to give the lithiated bislatim ethers 57. To obtain the α-ethynylalanine product 64, two different ways were envisaged. In the first case, the lithiated bislatim ether 57 reacts with acetyl chloride in THF to give 58 in 86 % yield and N-acylated isomer 59 as a by-product in a small proportion. In the second case, the lithium compound 57 reacts with paraformaldehyde to give the alcohol 60 product in 95 % yield (Fig. 13) . (Metcalf and Jund 1977) The compounds 58 and 60 are the key intermediates for the synthesis of (R)-α-ethynylalanine methyl ester 64.
Oxidation of carbinol 60 was realized under Swern conditions in 95 % yield followed by Corey-Fuchs transformation to yield alkyne 61 in 67 % yield (Corey and Fuchs, 1972) (Fig. 14) .
Compound 61 could be also synthesized by "one-pot" treatment starting from 58.
First, 58 was treated with LDA and diethyl chlorophosphate at −78 °C in THF to give the enol phosphate 62, which was not isolated. The solution of 62 in THF was again cooled to −78 °C. An excess of LDA (2.2 eqs.) was (Schöllkopf et al. 1988) added and the resulting solution was stirred at −78 °C during 3 h. At this stage, the solution of 62 was allowed to warm to room temperature and two different methods were used to obtain the acetylenic derivative. If a phosphate buffer was added, the product 61 was obtained in 23 %, whereas the addition of trimethylsilane at −30 °C allowed the formation of compound 63 in 28 % (Fig. 15) .
Finally, acid hydrolysis of 61 and 63 with HCl (0.25 N) was performed for 3 days at room temperature to obtain (R)-α-ethynylalanine methyl ester 64 in 49 % yield (Fig. 16) .
In 1989, Schmidt et al. reported the first synthesis of (R)-N-Boc protected α-ethynylalanine 71 (Schmidt et al. 1989) . They described the conversion of optically active 2,3-epoxide alcohols into amino acids (Fig. 17) . The epoxide intermediate 66 was obtained by Sharpless epoxidation of (E)-3-methylpent-2-en-4-yn-1-ol 65. The epoxy alcohol 66 reacted with trichloroacetonitrile in the presence of DBU to give the imidic ester 67 in 91 % yield. Then, an intramolecular opening of the epoxide ring with boron trifluoride diethyl etherate led to the formation of dihydrooxazine 68. Treatment with hydrochloride acid (2N) followed by a protection step with (Boc) 2 O afforded the aminodiol 69 in 87 % yield. Sodium periodate oxidative cleavage of the vicinal diol 69 allowed the formation of the aminoaldehyde 70. Finally, N-Boc protected alpha-ethynylalanine 71 was obtained by Pinnick oxidation in 62 % yield (Fig. 17) . In this case, the oxidation of aminodiol 69 to amino acid is not possible using potassium permanganate due to the presence of the triple bond.
In 1993, Colson and Hegedus described the first synthesis of the free α-ethynylalanine (Colson and Hegedus 1993) (Fig. 18) . In this work, the original approach is the synthesis of an optically active β-lactam ring by a photochemical reaction to obtain an α-alkyl-α-amino acid. The oxazolidine ring of 74 was converted to an oxazolidinone ring by hydrolysis with hydrochloride acid (0.2 N) followed by recyclization with triphosgene. Compound 75 obtained was then alkylated with retention of stereoselectivity using KHMDS and iodomethane to give compound 76 in 80 % yield with very high diastereoselectivity (≥97 % de). For this reaction, the use of lithium bases (tert-BuLi or LDA) showed lower yield due to degradation. Then, the β-lactam ring was cleaved by gaseous HCl in methanol to yield ester (Schöllkopf et al. 1988) 77, which was used without purification. Cyclic aminal 77 was cleaved using aqueous solution of hydrochloric acid (1 N) for 2 days to give aldehyde 78 in 50-55 % yield.
Compound 78 was converted into the bromoalkyne 80 via dibromovinyl alkene 79 by treatment with carbone tetrabromide and triphenylphosphine, followed by elimination with KOH. Finally, α-ethynylalanine 81 was synthesized by reductive cleavage of oxazolidinone ring and metal-halogen exchange of the acetylenic halide followed by ion exchange chromatography (Fig. 18) .
Avenoza and co-workers (1999b) developed a straightforward synthetic route to obtain pure (S)-and (R)-α-ethynylalanine starting from (S)-and (R)-α-methylserinals, 84 and 85, respectively (Fig. 19) . The two building blocks 84 and 85 were prepared starting from the same product (R)-2-methylglycidol 82 (94 % ee) which was transformed into the corresponding compound 83 in five steps with an overall yield of 75 % (Hatakeyama et al. 1997 ). Then, compound 83 was converted in three steps (82 %) to (S)-α-methylserinals 84 and in five steps (48 %) to (R)-α-methylserinal 85 (Avenoza et al. 1999a) (Fig. 19) .
The conversion of aldehyde 84 to acetylene 88 was performed by a Corey-Fuchs transformation. In the first step, the dibromoolefin 86 was obtained by preparation of the dibromomethyl phosphorene using bromoform (CHBr 3 ) and potassium tert-butoxide in the presence of triphenylphosphine. The acetylenic function was obtained by treatment of 86 with two equivalents of BuLi. Then, the oxazolidine ring was cleaved by the action of conc. hydrochloric acid to give 1,2-amino alcohol hydrochloride. The protection of amine function was performed with (Boc) 2 O in the presence of sodium carbonate to give 87 from 86 in 54 % yield. To transform compound 87 in the desired (R)-α-ethynylalanine derivative (R)-88, the alcohol function (Schmidt et al. 1989) was oxidized with Jones reagent, followed by hydrolysis with conc. hydrochloric acid at room temperature and finally treated by propylene oxide in ethanol at reflux (Fig. 20) . The other enantiomer (S)-α-ethynylalanine (S)-88 was obtained using the same strategy, but starting from (R)-α-methylserinal 85 (Fig. 21) . The synthesis of (R)-88 and (S)-88 was described in seven steps with an overall yield of 32 % from 84 and 85, respectively. The authors confirmed the same identical spectral data with an optical rotation of opposite sign between (R)-88 and (S)-88. 
Synthesis of racemic N-protected α-ethynyl 2-(3,3,3-trifluoro) alanine methyl ester
The first synthesis of a racemic α-trifluoromethyl substituted acetylenic α-amino acid is described by Burger and Sewald (1990) . The addition of amino group of carbamate 90 to methyl trifluoropyruvate 89 gave carbamate 91, which was obtained in 80 % yield as a crystalline solid in analytical quality. Dehydration of 91 was performed with trifluoroacetic anhydride in pyridine at 0 °C to give 92 in 68 % (Fig. 22) .
Treatment of imine 92 with sodium acetylide followed by hydrolysis led to the desired α-ethynyl 2-[N-benzyloxycarbonyl]-2-(trifluoromethyl)alanine methyl ester 93 in 80 % yield (Fig. 23) .
The same type of Michael addition was used by Sémeril et al. (2001) and Shchetnikov et al. (2008 Shchetnikov et al. ( , 2010 to obtain the same product 93 or analogs with different protective groups on the amine function. The products described by the two authors are listed in the Table 1 .
In 2001 and 2008, Séméril and Shchetnikov described the N-alkylation of carbamate 94 and sulfonamide 93 in the same conditions. Treatment of the two compounds by sodium hydride at 0 °C in DMF followed by the addition at room temperature of allyl bromide or propargyl bromide gives the desired N-fully protected compounds 96 and 97 in 40 and 50 % yield, respectively (Fig. 24) . 
Synthesis of (S)-α-ethynyl 3,3,3-trifluoro alanine ethyl ester
To the best of our knowledge, the synthesis of (S)-α-ethynyl 3,3,3-trifluoro alanine ethyl ester reported by Crucianelli et al. (2004) is the first synthesis of a non-racemic form of an amino acid with a trifluoromethyl group and ethynyl substituents in the alpha position. The introduction of CF 3 substituent in the alpha position to non-racemic amino acids is a challenge for the chemist and often requires complex and tedious protocols. This strategy is based on the reaction of an enantiomerically pure sulfinimine of trifluoropyruvate with Grignard reagents. The iminophosphorane 98 was prepared according to the procedure described by Asensio and Bravo (Asensio et al. 2001; Bravo et al. 1998 ). Then, both diastereoisomers 100 and 101 were prepared in one-step synthesis. Staudinger reaction between 98 and trifluoropyruvate gave the sulfinimine 99 without isolation, followed by the addition of a solution of ethynyl magnesium bromide (0.5 M in THF) at −70 °C. Both diastereoisomers were obtained with 75 % overall yield. Major diastereoisomer 100 presents an e.e. of 97.5 % (Fig. 25) .
Desulfonylation of 100 was realized by treatment with TFA/MeOH at 0 °C to give (S)-α-ethynyl 3,3,3-trifluoro alanine ethyl ester 102 in 72 % yield (Fig. 26) .
Synthesis of (R)-methyl 2-((2-methoxyphenyl) amino)-2-(trifluoromethyl)but-3-ynoate
In 2011, Huang et al. (2011) described a second synthesis of a non-racemic form of trifluoromethyl amino acid derivatives. The original strategy was based on highly enantioselective alkynylation of ketoimine 103 via zinc/BINOL catalyzed process (Fig. 27) . The proceeding afforded a facile access to optically active quaternary amino acids with high enantiomeric excess (e.e = 91.9-99.6 %).
The addition of trimethylsilylacetylene to α-CF3 ketoimine ester 103 was performed with dimethylzinc and BINOL derivative (R)-104 to give (R)-105 (97.7 % ee) in 84 % yield. The terminal alkyne (R)-106 was obtained in 
Synthesis of α-ethynyl glutamic acid hydrochloride and α-ethynylornithine
Previously in this review (see "Synthesis of α-ethynylphenylalanine derivatives" of this review), we described the synthesis of α-ethynylphenylalanine by Casara and Metcalf in 1978. In the same paper, the two authors reported the synthesis of α-ethynyl glutamic acid hydrochloride by the same method (Fig. 28) .
Michael addition of the anion derived from 10 on methyl acrylate gives the compound 107 in 65 % yield. The deprotection of 107 led to compound 108 with no yield indicated. The authors claimed that the NMR analysis, IR spectra and elemental analysis are in agreement with the structure.
The first step of this method was utilized by Danzin in 1981 (Danzin et al. 1981) to synthesize α-ethynylornithine 111 as potential enzyme-activated inhibitors of mammalian ornithine decarboxylase (Fig. 29) .
The regioselective alkylation of 10 was accomplished with lithium diisopropylamide and 1-iodo-3-benzaldiminopropane to give the non-isolated intermediate 109. The δ-lactam 110 was obtained by cyclization of 109 in mild acidic conditions. Then, the free amino acid was synthesized by alkyne hydrolysis of the TMS group and of the lactam ring. Finally, α-ethynylornithine 111 was obtained by ion-exchange chromatography and recrystallization in a mixture of ethanol and water in 59 % yield (Fig. 29) . (Casara and Metcalf 1978) Synthesis of fully protected optically active α-ethynyl serine In 2003 , Brennan et al. (2003 described the synthesis of the intermediate (S)-121 which is used in the total synthesis of (+)-lactacystin 112 described by Corey et al. (Corey et al. 1998) (Figs. 30, 31) .
2-Ethynylpropenol 115 was transformed into the chiral epoxide 116 (90 % ee) in 66 % yield using Sharpless epoxidation. Treatment of the epoxide alcohol 116 with trichloroacetonitrile in the presence of DBU gave the acetamidate 117 in 65 % yield. The cyclization of 117 was performed using Et 2 AlCl to give oxazoline alcohol 118.
The alcohol function of 118 was protected with TBSOTf using 2,6-lutidine as a base to give 119 in 92 % yield. The oxazoline ring was cleaved by treatment with dilute hydrochloric acid (1 N) to give 2-ethynyl-2-amino alcohol which was not isolated and immediately converted into a mixture (Brennan et al. 2003; Corey et al. 1998) of epimers of the amide 120 with racemic 2-bromopropionoyl chloride in 76 % yield. Dess-Martin oxidation, Pinnick oxidation and esterification with (trimethylsilyl) diazomethane led to the final compound (S)-121 in 60 % overall yield for these final three steps (Fig. 31) .
In 2007, Bennett et al. (2007) described the (R) enantiomer of compound 121 (Fig. 32) . This molecule is an intermediate in the synthesis of a common precursor to both the β-lactone and γ-lactone pyrrolidinone ring systems, found in oxazolomycin A 113 and neooxazolomycin 114 (Fig. 30) .
The synthesis described by Bennett and co-workers differs from the one of Brennan et al. described above (Fig. 31) with small modifications. In the first case, the epoxide alcohol (R)-116 (83 % ee) was prepared by the reaction between 115 and (−)-diisopropyl d-tartrate in 77 %. The reaction gives the (R) enantiomer of 116 a smaller enantiomeric excess (83 % ee). In the second step, the protection of the alcohol function of (R)-118 was performed using imidazole as a base in 83 %. Finally, the first oxidation step of (R)-120 was performed using a combination of NMO (N-methylmorpholine-N-oxide) and TPAP (tetrapropylammonium perruthenate) allowing to obtain (R)-121 in 55 % yield from (R)-120 (Fig. 32) .
Miscellaneous
In 2006, Fukumoto and co-workers reported the first total synthesis of (+)-β-erythroidine 122, a non-aromatic dienoid-type Erythrina alkaloid (Fukumoto et al. 2006) . Erythrina plant species are the main source of tetracyclic alkaloids. This family is classified into two groups depending of the nature of D rings: D rings are nonaromatic (structure 122) or aromatic (structure 123). Compound 122 contains a non-aromatic unsaturated lactone and is called a lactonic alkaloid (Amer et al. 1991) (Fig. 33) .
Over the last decades, the Erythrina alkaloids have received considerable attention due to their intriguing biological activity. Some members of this family showed pharmacological effects such as sedative, hypotensive, neuromuscular blocking, antidiarrheal and central nervous system activity (Padwa et al. 1998) .
The authors described the synthesis of ethynylated amino acid fragment 136, a key intermediate in the synthesis of (+)-β-erythroidine 122.
Treatment of 2,3-O-isopropylidene-d-threitol 124 with p-toluenesulfonyl chloride followed by treatment with Fig. 31 Synthesis of (S)-enantiomer 121 (Brennan et al. 2003) trifluoromethanesulfonic acid gave 125 in 87 % yield. The acetylenic product 126 was obtained by reaction of 125 with lithiated propargyl tetrahydropyranyl ether in 88 % yield. Iodination of 126 by nucleophilic substitution with sodium iodide in DMF gave 127 in 87 % yield. Reductive cleavage of iodide derivative 127 with activated Zn and acetic acid afforded alcohol 128 in 90 % yield. The alcohol 128 reacted with iodomethane followed by subsequent removal of THP protecting group with pyridinium p-toluenesulfonate to get 129 in 98 %. Successive treatment of 129 with Red-Al ® (sodium bis(2-methoxyethoxy)aluminum hybride: 65 % in toluene) and iodine give the regioselective Z-alkene 130. A Sonogashira coupling with trimethylsilylacetylene followed by the removal of TMS group with potassium carbonate led to alcohol 131 in 81 % yield (3 steps from 129).
In the first attempt to obtain epoxide 132, KatsukiSharpless conditions were used but gave poor distereoselectivity. The second attempt was performed with mCPBA and allowed to furnish an inseparable mixture of α and β diastereoisomers, but with excellent diastereoselectivity (6:94, respectively). The high diastereoselectivity was explained with a transition state where mCPBA was oriented to the β-face by hydrogen bonding.
Treatment of the alcohol function in 132 with trichloroacetonitrile in the presence of DBU and molecular sieves (4 Å) gave the acetamidate 133, which was used for the next step without purification. Cyclization of this compound was performed with Lewis acid (BF 3 -OEt 2 ) in methylene chloride at −20 °C to give six-membered 134 with quaternary center in 93 % (two steps). Hydrolysis with diluted hydrochloric acid solution (1 N) followed by N-Boc protection with (Boc) 2 O and sodium carbonate gave diol 135 in quantitative yield. Fig. 32 Synthesis of (R)-enantiomer 121 (Bennett et al. 2007 ) Fig. 33 Structure of β-erythroidine 122 and general structure of aromatic erythrina alkaloid 123 (Fukumoto et al. 2006) 1 3
Finally, a sequence of four steps was realized to obtain the desired ethynylated amino acid derivative with the free amine. An oxidative cleavage was performed with sodium periodate followed by a Pinnick oxidation to give the carboxylic acid function. Then, the esterification was accomplished with diazomethane and the Boc protecting group was removed by treatment with TFA in methylene chloride to give 136 in 79 % overall yield from 135 (Fig. 34) . (Fukumoto et al. 2006) At this stage, a two-step sequence was performed to obtain the dialkylated tertiary amine 138 derived from 136 in good yield. A reductive amination was realized with methyl 3-formylpropanoate and sodium triacetoxyborohydride to give 137 in 86 % yield. Then, the secondary amine 137 was allylated in the presence of allyl bromide and potassium carbonate to give α-ethynyl N,N-dialkylated amino acid derivative 138 (Fig. 35) .
Conclusion
α-Alkyl α-ethynyl amino acids are an important class of non-proteinogenic amino acids that play an important role in the development of peptides and peptidomimetics as therapeutic agents, and in the inhibition of enzyme activities. Their extensive use is limited by the availability of enantiomerically pure compounds in large quantities. As we have shown in this review, a wide variety of synthetic approaches to these compounds has been developed, most based on racemic syntheses and some syntheses lead to optically active compounds (ethynylalanine, ethynyl phenylalanine, trifluoroalanine and ethynyl serine).
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